In micromanipulation experiments using immature oocytes, final ooplasmic maturation is often compromised because the oocytes are usually first freed from their nurturing cumulus cells. This study was undertaken to determine whether cumulus-free in vitro maturation (IVM) in mice could be improved by modifying IVM medium having defined components. Cumulus-free germinal vesicle (GV) stage oocytes were subjected to IVM in either αMEM medium, TYH medium, or a 1:1 mixture of the two (termed TaM). TYH medium produced a better maturation rate (181/196; 92.3%) than αMEM (184/257; 71.6%). However, αMEM supported better embryo development to the morula/blastocyst stage than TYH following in vitro fertilization (93.3% vs. 76.5%) or parthenogenetic activation (82.4% vs. 60.4%). Mitochondrial distribution in MII oocytes was diffuse following IVM in αMEM, but was aggregated with TYH. The maturation promoting factor (MPF) activity in MII oocytes was significantly higher in TYH than in αMEM (P<0.05). Oocytes cultured in TaM had intermediate characteristics and essentially resembled in vivo matured oocytes, with the mitochondrial distribution pattern being most typical of that condition. The highest rate of development from GV oocytes to full-term fetuses following in vitro fertilization and embryo transfer to foster mothers (23.8%) was obtained using TaM. When this IVM system was applied to MI oocytes injected with spermatocytes, offspring were first obtained without cytoplasmic replacement at MII. Thus, optimization of the culture medium can considerably improve the quality of cumulus-free oocyte IVM in mice. Key words: In vitro maturation, Microinsemination, Mouse, Oocyte activation, Spermatocytes (J. Reprod. Dev. 52: [239][240][241][242][243][244][245][246][247][248] 2006) n mice, in vitro maturation (IVM) techniques have been used to investigate cytochemical and cytogenetic events occurring in maturing oocytes. It is well established that the culture conditions u s e d f o r I V M c a n s i g n i f i c a n t l y i n f l u e n c e m a t u r a t i o n r a t e s a n d s u b s e q u en t e m b r y o development. The presence of cumulus cells surrounding oocytes is particularly important for normal cytoplasmic maturation of oocytes because they play essential nurturing roles in the regulation of oocyte metabolism, such as in the use of energy sources [1] . However, in some experiments involving micromanipulation of immature oocytes (e.g., germinal vesicle exchange and spermatocyte injection), removal of the surrounding cumulus cells is unavoidable, possibly resulting in compromised that ooplasmic maturation and
subsequent embryo development. To overcome this problem, the metaphase II (MII) karyoplasts of oocytes thus matured can be transferred into enucleated fresh MII oocytes to replace the cytoplasm. However, this step needs an additional m i c r o m a n i p u l a t i o n s t e p a n d m a k e s t h e experimental procedure more complex, as shown i n s t u d i e s o f p r i m a r y s p e r m a t o c y t e microinsemination [2] and reconstruction of p a r t h e n o t e s f r o m i m m a t u r e o o c y t e s [ 3 ] . Occasionally, use of serum-containing medium for cumulus-free IVM may improve the quality of matured oocytes [4] , but such undefined IVM conditions are not always reproducible.
This study was undertaken to determine whether cumulus-free IVM in mice could be improved by modifying the medium with defined components. Using different IVM media, we assessed the quality of oocytes by several cytochemical parameters and t h e s u b s e q u e n t d e v e l o p m e n t o f e m b r y o s constructed by IVF or parthenogenetic activation. We also applied this cumulus-free IVM system to "zygotic" immature oocytes generated by microinsemination using primary spermatocytes. In our previous study, the cytoplasm of MII oocytes thus obtained needed to be replaced with fresh c y t o p l a s m t o a c h i e v e f u l l -t e r m e m b r y o development. Here, we examined whether improvement of the IVM medium could enable us to derive spermatocyte-derived offspring using a single micromanipulation step at MI, without the need for a cytoplast exchange step at the MII stage.
Materials and Methods

Collection and in vitro maturation of immature oocytes
Immature GV oocytes were collected from the ovaries of B6D2F1 females injected with 7.5 IU pregnant mare's serum gonadotrophin (PMSG) 46-48 h previously. Antral follicles were punctured with a 27 G needle in a Hepes-buffered 1:1 mixture of TYH [5] and αMEM (Gibco, Carlsbad, CA, USA; hereafter termed TaM). Only oocytes enclosed by i n t a c t c u m u l u s l a y e r s w e r e s e l e c t e d f o r experiments. After being freed from cumulus cells by repeated pipetting in Hepes-buffered TaM containing 0.1% bovine testicular hyaluronidase, oocytes were subjected to IVM in one of the three media, αMEM, TYH, TaM, using only 3 mg/ml BSA (Calbiochem, Darmstadt, Germany) as a protein source.
As controls, in vivo matured MII oocytes were retrieved from the oviducts of superovulated females following injection with 7.5 IU PMSG and 7.5 IU human chorionic gonadotrophin (hCG) 48 h apart. Approximately 15 h after the hCG injection, cumulus-enclosed oocytes were collected from the oviductal ampullae and released from the cumulus cells by treatment with hyaluronidase in KSOM medium [6] .
Parthenogenetic activation, in vitro fertilization, and subsequent embryo development
For assessment of the developmental potential of oocytes that reached the MII stage via IVM (IVMo o c y t e s ) , t h e o o c y t e s w e r e s u b j e c t e d t o parthenogenetic activation or in vitro fertilization ( I V F ) e x p e r i m e n t s . T o p r o d u c e d i p l o i d parthenogenetic embryos, oocytes were activated with 2-10 mM SrCl 2 and 5 µg/ml cytochalasin B (CCB) in Ca 2+ -free KSOM medium for 1 h and cultured for an additional 5 h, and then in the presence of CCB. For IVF, the zona pellucida was dissected using a Piezo-driven micromanipulator ( P r im e T e c h , I b a r a k i, J ap an ) to e n a b l e th e spermatozoa to enter into the perivitelline space through the zona, which hardens during cumulusfree IVM [7] . Sperm collected from the caudal epididymides of mature B6D2F1 males were allowed to disperse in HTF medium [8] and were preincubated for 1 h at 37 C under 5 % CO 2 in air. The final sperm concentration for insemination was 3 × 10 6 sperm/ml in drops of HTF. Oocytes, parthenogenetically activated or fertilized in vitro, were cultured in KSOM for 96 h to examine their subsequent development. Some of IVF the embryos that reached the 2-cell stage at 24 h of culture were transferred into the oviducts of day-1 pseudopregnant ICR recipient females, which had been mated with vasectomized males.
Measurement of maturation promoting factor in MII oocytes
MII stage oocytes were analyzed for the activity level of the catalytic p34cdc2 kinase subunit of the maturation-promoting factor (MPF) using a MESACUP cdc2 Kinase Assay Kit (MBL, Nagoya, Japan). For each assay, 10-32 oocytes were washed in PBS containing 0.1 mg/ml polyvinyl alcohol (PBS-PVA) and stored in a 1.5 ml centrifuge tube at -80 C until time of assay. The assay was performed according to the manufacturer's instructions. The cdc2 kinase activity in each well was detected at a wavelength of 490 nm using a microplate reader (SpectraMax Plus384; Molecular Devices, Tokyo, Japan). The mean values for a single oocyte were calculated and subjected to statistical analysis.
Fluorescence staining of MII oocytes
We investigated the quality of IVM conditions using fluorescent staining for several cytochemical p a r a m e t e r s , n a m e l y t h e d i s t r i b u t i o n o f mitochondria, cortical granules (CGs), and microfilaments of the IVM-oocytes. Mitochondria were localized with 250 nM MitoTracker Orange (Molecular Probes, Eugene, OR, USA) in living oocytes without fixation. For CG staining, oocytes were treated with acidified M2 medium (pH 2.5) to remove the zona pellucida and fixed in PBS-PVA containing 4% (w/v) paraformaldehyde for 30 min at room temperature. After being immersed in PBS supplemented with 3 mg/ml BSA (Sigma-Aldrich, St. Louis, MO, USA) and 0.1% Triton X-100 for blocking and permeabilization for 1 h, oocytes were stained with 4 µg/ml Lens culinaris agglutinin ( L C A ) [ 9 ] c o n j u g a t e d w i t h f l u o r e s c e i n isothiocyanate (FITC; HONEN, Tokyo, Japan) for 1 h. For localization of microfilaments, oocytes fixed a s a b o v e w e r e s t o r e d o v e r n i g h t i n P B S supplemented with 3 mg/ml BSA and 1% Triton X-100 at 4 C for blocking and permeabilization, respectively. Microfilaments of the oocytes were stained by culturing with 50 µg/ml rhodamineconjugated phalloidin (Sigma) for 1 h.
All of the following procedures were performed at 37 C. The oocytes were stained for nuclear DNA with 5 µg/ml DAPI (Nacalai Tasque, Kyoto, Japan) or Hoechst 33342 (Wako Pure Chemical, Osaka, Japan). Following thorough washing, they were mounted on slide glasses using anti-fading m o u n t i n g m e d i u m ( V e c t a s h i e l d ; V e c t o r Laboratories, Burlingame, CA, USA) and observed using a confocal scanning laser microscope (Digital Eclipse C1; Nikon, Tokyo, Japan).
Microinsemination with primary spermatocytes
Microinsemination with primary spermatocytes was performed as described previously [2] with some m odi fications. Spermatocytes were mechanically isolated from the seminiferous tubules of ICR strain male mice (aged 2-5 months) a n d s u s p e n d e d i n G L -P B S [ 1 0 ] . P r i m a r y spermatocytes (pachytene to diplotene stages) were identified under an inverted microscope equipped with Nomarski optics (TE300 or TE2000; Nikon). Cumulus-free GV oocytes were cultured in TaM until germinal vesicle breakdown (GVBD) for 3-4 h, and then placed into TaM supplemented with 5 µg/ml CCB (TaM-CCB) to arrest them at MI.
M i c r o i n s e m i n a t i o n w a s p e r f o r m e d b y intracytoplasmic injection in TaM supplemented
with 25 µg/ml CCB and 40 mM NaCl. Oocytes that survived injection were cultured in TaM-CCB for 2 h, and then allowed to mature in vitro for 14-16 h. The oocytes that reached the MII stage were activated with 10 mM SrCl 2 KSOM. Activated oocytes were cultured in fresh KSOM for 24 or 48 h. Two-cell or 4-cell embryos, respectively, were transferred into the oviducts of day-1 recipients. Full-term offspring were delivered on day 20 by Cesarean section and raised by lactating ICR strain foster mothers.
Chromosomal analysis of MII oocytes
To evaluate chromosome aberrations in oocytes inseminated with pr imary spermatocytes, chromosome preparations were made at the MII stage as described previously [11] . Briefly, oocytes were treated with hypotonic 40% fetal calf serum (FCS) solution for 10-15 min. Swollen oocytes, together with 150 µL of the FCS solution, were transferred to the bottom of a watch glass filled with 50% Carnoy's fixative (3: 1: 4 of methanol : acetic acid : distilled water). After fixation for 5 min, the oocytes were transferred to fresh fixative and left for a few seconds. They were then put onto slide glasses to spread the chromosomes. The procedure was performed at room temperature. The preparation were then dried in a 40 C water bath and stained with phosphate-buffered 6% Giemsa (pH 6.8). The slide glasses were examined with a light microscope (ECLIPSE E800, Nikon) using a 100 × oil immersion objective lens.
Statistical analysis
Statistical analyses were performed by one-way ANOVA with or without arcsine transformation of percentage data, as appropriate.
Care and use of research animals
All procedures described within this studywere r e v i e w e d a n d a p p r o v e d b y t h e A n i m a l Experimental Committee at the RIKEN Institute and were performed in accordance with its Guiding Principles for the Care and Use of Laboratory Animals.
Results
IVM of oocytes under different media
The best maturation rate was obtained when TYH was used as the medium. It was significantly different from that of αMEM, but not TaM ( Table  1 ). The appearance of MII oocytes varied according to the maturation medium used. Oocytes in the TYH group were obviously shrunken, and those in the αMEM group had a swollen appearance. Oocytes in the TaM group were intermediate in appearance and resembled those matured in vivo (Fig. 1) . However, the osmolarity of each IVM medium measured by freezing point depression was not markedly different (TYH 296, mOsm; αMEM, 304 mOsm; TaM, 299 mOsm).
Development of IVM oocytes following parthenogenetic activation and IVF
The developmental potential of IVM-oocytes was assessed by parthenogenetic activation or IVF. First, we optimized the concentration of Sr 2+ for oocyte activation in each IVM group based on the rates of survival and activation, and found that concentrations of 10 mM, 2 mM, and 7 mM were optimal for oocytes matured in TYH, αMEM, and TaM, respectively. As expected, most oocytes were successfully activated and developed to the 2-cell stage in all groups (Table 1) . However, in contrast to the results from IVM experiments, development to the morula/blastocyst stage was significantly more efficient in the αMEM and TaM groups than in the TYH group (Table 1) . This was the same with IVF experiments. The fertilization rates, which can be approximated from the cleavage rates, and the rates of development to morulae/blastocysts were significantly higher in the αMEM and TaM groups than in the TYH group (Table 1) . To determine how many of these IVM-IVF embryos could develop to form live offspring, we performed embryo transfer experiments. We then performed multiple calculations with the results from the IVM, IVF, and embryo transfer experiments, and estimated the developmental efficiency of oocytes from the GV stage through to full-term offspring for each IVM group. Use of TaM as the IVM medium supported the best development from the GV stage to term (23.8%; Fig. 2 ). 
The effects of IVM media on cytochemical characteristics in MII oocytes
TYH and αMEM media had opposing effects on several cytochemical characteristics, as they did for IVM and embryo development. Cdc2 kinase (MPF) activity was significantly higher in the TYH group than in the αMEM group (P<0.05; Fig. 3 ). The mitochondrial distribution pattern at the MII stage was diffuse in the αMEM group, but it was aggregated in the TYH group (Figs. 4A-D) . The relative areas of dense mitochondrial distribution (the white areas in Figs. 4A-D) in the TYH, αMEM, TaM, and in vivo maturation groups were 33%, 10%, 22%, and 19%, respectively (n=3-4). Statistical analyses revealed that the type of IVM medium had a s i g n i f i c a n t e f f e c t o n t h e m i t o c h o n d r i a l distribution pattern (ANOVA, P<0.005), and that TYH vs. αMEM, TYH vs. in vivo maturation, and αMEM vs. TaM were significantly different (Bonferroni's test, P<0.05). Thus, TaM-derived Table 1 and Table 2 , which represent the developmental efficiency at each experimental step. The highest efficiency through term offspring was achieved when TaM was used as an IVM medium. 
Microinsemination using primary spermatocytes for single nuclear transfer
Based on the results obtained in the first series of experiments, an IVM system using TaM was applied to oocytes injected with spermatocytes. The efficiencies of IVM and in vitro and in vivo development are shown in Table 3 . So far, two normal-looking female offspring have been obtained from primary spermatocytes by this one- step microinsemination procedure (Fig. 5A) . They grew into normal adults and have proven fertile. Chromosomal analysis at MII revealed a high incidence of premature sister chromatid separation in spermatocyte-injected oocytes (Fig. 5B ), but not in non-injected cumulus-free IVM oocytes (Fig. 5C ).
Discussion
In this study, we compared three media, αMEM, TYH, and TaM, for their ability to support in vitro m a t u r a t i o n o f c u m u l u s -f r e e o o c y t e s a n d subsequent embryo development. Two of the media, αMEM and TYH, have previously been used for IVM, but we found that the use of each medium alone had defects in supporting either oocyte maturation or embryo development, respectively. Interestingly, the use of TaM, a 1-to-1 mixture of these two media, significantly improved both of these outcome measures. To gain a better understanding of this technical improvement at the c y t o c h e m i c a l l e v e l , w e a n a l y z e d s e v e r a l intracellular parameters that change dramatically during normal oocyte maturation. We found that oocytes matured in vitro in different media showed markedly different characteristics in these parameters. Thus, cdc2 kinase activity (MPF level) normally increases as oocytes mature and reaches its maximum at the MII stage. As expected, cdc2 activity was higher in oocytes matured in TYH medium than those matured in αMEM. The lower activity in oocytes matured in αMEM may be attributed to the inappropriate maturation milieu, which was reflected in the impaired maturation rate. However, the activity in the TYH-matured oocytes was much higher than those matured in vivo. This may have been caused-at least in partby the lack of cumulus-cells because the presence of such cells promotes the ageing of oocytes and decreases the level of MPF [12] . The cdc2 activity of the TaM-matured oocytes was intermediate between that of the other two groups.
The distribution pattern of mitochondria in MII oocytes also depended on the maturation media used. As mitochondria are the major energy source of ATP through the TCA cycle, their distribution patterns and the mitochondrial membrane potential in oocytes and embryos are closely related to the developmental potential of oocytes and embryos both in vitro and in vivo [13, 14] . Because mouse oocyte maturation does not require an increase in the intracellular ATP level, the mitochondrial distribution pattern may play an i m p o r t a n t r o l e i n o o c y t e m a t u r a t i o n a n d subsequent embryo development [15] . In our study, oocytes that matured in TYH medium showed an aggregated mitochondrial distribution around the MII chromosomes. This is consistent with the high IVM rates in this group because the meiotic apparatus is thought to be the area of maturing oocytes that requires the most energy. In contrast, oocytes that matured in αMEM showed a diffuse mitochondrial pattern. This may have contributed to the efficient embryo development observed in this group because oocytes containing mitochondria in a diffuse distribution pattern have a high potential for embryonic development [16] . Interestingly, the mitochondrial distribution in oocytes matured in TaM showed an intermediate pattern between those of the αMEM and TYH oocytes, and this was very similar to that of oocytes matured in vivo. This is consistent with the high developmental potential of embryos derived from TaM-matured oocytes following parthenogenetic activation or IVF. We postulate that among the various cytochemical parameters in MII oocytes, the mitochondrial distribution pattern is the most reliable parameter for good IVM conditions and that it will enable us to predict the efficiency of subsequent embryonic development. I n c o n t r a s t t o t h e M P F l e v e l a n d t h e mitochondrial distribution pattern, there was no difference in the distribution pattern of CGs, which are essential to produce the zona pellucida block to polyspermy through the modification of zona proteins, such as ZP3 [17] . CGs originate from the Golgi and migrate toward the cortex in growing oocytes. In fully matured oocytes, they are anchored in the cortex, and their contents are exocytosed into the perivitelline space in response to the increase in intracellular calcium following fertilization or artificial oocyte activation. However, inappropriate IVM conditions or ageing can induce spontaneous CG exocytosis. The normal CG distribution in this study indicates that t he t w o m e d i a w e u s e d p ro v i d e d eq u a l l y appropriate IVM condition for CG synthesis and behavior.
Besides these cytochemical parameters, the MII oocytes matured in vitro showed a differing morphology according to the IVM medium used. Oocytes matured in αMEM were more swollen than those matured in TYH medium, as clearly recognized by the smaller perivitelline space (Fig.  1 ). This may have been related to the rate of oocyte maturation because MII oocytes matured in vivo had a fully opened perivitelline space, as did oocytes matured in TYH medium. It has been reported that the osmolarity of IVM media significantly affects the efficiency of IVM [18, 19] . In a preliminary experiment, however, we found only a slight difference in the measured osmolarity between these two media (αMEM, 304 mOsm; TYH, 296 mOsm). As αMEM is a complex medium, some of these media compositions and/or their combination might have compromised the appearance of the oocytes and their maturation potential regardless of their measured osmolarity.
As micromanipulation using immature oocytes is usually performed under cumulus-free conditions, ideally subsequent oocyte maturation should proceed devoid of cumulus cells. Absence of cumulus cells during mouse oocyte IVM can occasionally be compensated by the addition of serum [4] . However, serum contains many u n d e f i n e d c o m p o n e n t s i n u n d e f i n e d c o n c en t r a t i o n s , s o re s u l t s a r e n o t a l w a y s reproducible. Our goal is to optimize cumulus-free IVM conditions using chemically defined media in mice. Using TaM medium for IVM, we found that up to 23.8% of GV stage oocytes developed into offspring following IVM, IVF, and embryo transfer. In this study, BSA was the only relatively illdefined component of media that could have varied the IVM results, but we confirmed that different lots of BSA gave similar results (data not shown).
Microinsemination is a technique to fertilize oocytes by directly transferring sperm nuclei into t h e o o p l a s m .
R e c e n t a d v a n c e s i n microinsemination techniques using spermatids, immature haploid spermatogenic cells, have indicated that completion of spermiogenesis is not necessary for successful microinsemination [20] . Paternal genomic imprinting "memory", the epigenetic marking on the paternal genome necessary for normal embryonic development, is thought to be completed by the late primordial germ cell or gonocyte stages [21] . Thus, the only requisite for male gametes to support full-term embryo development is the presence of a haploid set of chromosomes. Primary spermatocytesspermatogenic cells before meiosis-have a 4 n diploid set of chromosomes (tetrad chromatids). After such cells in mice were transferred into immature (MI) oocytes, they underwent meiotic division and formed a haploid set of chromosomes in synchrony with the meiosis of the recipient oocytes [22] . Thus, the resultant embryos were at the normal diploid state, but replacement of the MII cytoplasm with fresh cytoplast was necessary to achieve subsequent embryo development because αMEM was used for IVM of these cumulus-free immature oocytes, and this was evidently defective. Our study has clearly demonstrated that this second micromanipulation step at MII can be omitted by improvement of cumulus-free IVM. However, the rate of normal birth was extremely low because of premature sister chromatid segregation at meiosis I, as in previous experiments using the two-step procedure. Thus, the use of TaM significantly improves the quality of oocytes maturing in the absence of cumulus cells, but not the segregation error of the chromosomes at meiosis I.
In most studies on mammalian species, including mice, IVM has been undertaken in media that have been optimized for somatic cells, tissues, or preimplantation embryos. We found that improvement of the IVM medium-a simple 1:1 mixture of αMEM and TYH-increased the viability of cumulus-free maturing oocytes in terms of both maturation rate and subsequent embryo development. TYH is specifically optimized for fertilizing spermatozoa and mature MII oocytes, and αMEM is a complex medium that is generally used for somatic cells. Unlike intact immature oocytes, which are completely surrounded by cumulus cells, cumulus-free oocytes are in direct contact with the surrounding medium. Therefore, it is likely that medium optimized for somatic cells is not always suitable for cumulus-free oocytes. TYH is suited for mature oocytes, but not for immature oocytes. Cumulus-free immature oocytes may have a character intermediate between that of cultured cells and that of mature oocytes, although the components or factors responsible for this improvement remain to be identified. However, we speculate that the mitochondrial distribution pattern may hold the key. In some species, such as bovines and humans, MII oocytes matured in vivo for cytoplasmic exchange are not always available for biological or ethical reasons. Therefore, even in the case of cumulus-free IVM, the ooplasm should support development ideally from oocytes at immature stages through to embryos at cleavage stages. We suggest that further improvements of cumulus-free IVM in these species may be possible by using newly developed IVM media combined with assessment of mitochondrial behavior in maturing oocytes.
